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eﬁzz'“ COMPARISONS IN THREE—DIHENSIONALITY IN IHE UNSTEADY FLOWS
ELICITED BY STRAIGHT AND. SHEPT WINGS

J. Ashworth* and M. Luttges**

Aerospace Engineering Sciences
Univérsity of Colorado, Campus Box 429
Boulder, Colorado 80309

Abstract

An investigative study of ‘the three-
dimensional, unstéady flow field about a
sinusoidally pitching forward swept wing,
straight wing and aft svept wing was
conducted. The flow field behavior was

documented using a smoke wire technique

and stroboscopic photogtaphy for flqw
visualization, Photographs were tzken
from both sidé and top view pcerspectives
to visualize flow patterns at span
locations from wingtip to 1.33c¢c inboard.
A comparative study béetween these wings is
nade by introducing the smoke sheet at
identical span locations (percent chord
length) for each wing. The unsteady flow
field was produced by sinusoidally
oscillating the wings about the quarter

chord between & = 5° and 25° at XK = 0.0,
0.6, 1.0 and 1.4, Static stall
characteristics for each wing were

analyzed and seem to directly influence
the dynamic vortical structure fofmation,
growth and <traversing tendencies. The
interactive effects between dynamic
wingtip and 1leading edgé vortices are
noted across the span of each wing. The
wingtip and leading edge vortex size and
location ahow effects of wing sweep -and K
value. For some test conditions, multiple
vortex formatjon during the initial phase
of the pitching cyclé and Lleading edge
vortex splitting were cbuerved,

*Gradvate Research Assistant, Departmeat
of Aerospace Enginecring Sciences,
Member AIAA

**Professor, Department of derospace
Engineering Sciences, ‘Member AIAA

Nomenglature
ASW aft swept wing
c wing chord length measured parallel
to the freestream tunnel velocity
FPSW forward swept wing

K nondimensional reduced frequency
paramater, K = we/2Ve

s nondimensional spanwise distance from
wingtip

STW straight wing

Sz nondimensional <1leading edgé vortex
gsize, measured from wing surface to
top of vortical structure

Vo freestream tunnel velocity

This paper is dociared 2 work of the U.S. Government and is
ot subject to copyright protoction in the United States.

a instantanceous wing angle of 2attack
(Deg.)

8 spanwice -deflection angle a2t the wing
tip (Deg.) . . . .

A wing &yecp angle = 30° ( forward and
aft)

¢ nondimensional oscillation phase
afgle ( % cycle beginning at o, )

w rotational frequency in radians /&cc.

Intfoduction

High performance aircrzft envisioned
for futuvre development must possess
operaticnal capabilities in expanded
flight regimes extending from very high to
very low specd flight. Operations acréss
such regimes must vtilize swept wing
technology to be efficient and high life

aerodynamics to be effectivel,2, The

extent to which swept wing configurations
may affect such controlled stall will
determine the applicability of unsteady
flows to future aircraft performance.

Previous 'studies3-6; done ‘with two-
dimensional airfoils, ‘have indicated that
1ift enhancedent is possible using
unstéady flows generated in controlled
fashion. More recently, ungteady flows
about straight wings?,8, delta wings9,and
swept wings10,11,12 have been studied for
sinusoidal pitching motions. These three-
dimensional studies have been bolstered by
gtraight wing studies done for large angle
of attack motions as well as for linear
accelerations at a variety of angles of
attackl3,14, 1In all of the above studies,
the»deta11ed impact of comparative sweep
angles remains unclear. Yet, the existing
research suggests that the sweep angle has
a profound cffect on both the genesis and
development of unsteady ‘flows elicited by
various .pitchihg motions.

The present study focuses on -wing
sweep effects, Studies were done with
three test wings that varied only in sweep
angle: forward, straight and aft swept.
The wing tip configurstions were matched
to simple flat tips, Identical test
conditions were used both in the static
and pitching evaluations. Using multiple
phase-locked photographic exposures, the
cvolving floy fields were examined both in
gide viéw .and from above with &moke
delivered to a variety of .apan locations.

The resulting analysis revealed sveep
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angle varxatxons in the initjation of
vortices and in the type of vortical
structurés produced on the top surface of
each ‘wing. The telation of these
structures to the forcing conditions that
produced them wac éevaluated.

Methods

All studies were conducted in the
40.5 x 40.5 c¢m flow visualization wind
tunnel at the University of Colorado. The
Reynolds nunbers for all tests were 30 000
or 40,000. The szmoke wire technique
previously reported by Adler and Luttges’
was used to deélivér dénse smoke to any
desired span location on the test wing
surfaces. Ssoke illumination was provided
by a short duration (7 ¥ sec) focused
stroboscopic flach unit positiohed about
the tunnel to maximize illumination and
minimize spurious reflections or diffuse
lighting. Flow visualization photographs
were prepared using 35mm film developed at
ASA 800-1000. The dynamic tests -of the
thtee wings were doné using a mean angle
of attack of 15° and an oscillation
amplitude of 107, Each wing was rotated
about the 0.25 chord location by a small

(1/6 hp) D.C. -motor. The reduced
frequency values wére varied from 0.0,
0.6, 1.0 to 1,4K. Photographs weré
prepared for discreté .span locationsc
varying from the wingtip, 0.17, 0.33, 0.5,
0.67, 1.0 to 1.33¢c inboard. To match the
dynamic test conditions, flow visual-

izations were prepared for the wings -at a
variety of angles of attack and at
different span locations for static test
conditions. Although aluminum NACA 0015
stock with a 15.2 cm chord was used for
all test winge, the effective chord of the
straight wing was 15.2 cm compared to 17.6
cem for the swept wings.

In order to determine the interactive
dependencies between wing test dynamics
and  the time dependencies of flow
gtructure initiation, the whole sinusoidal
oscillation period was examined by flow
vigualization. Photo documentation was
done, however, only for those periods in
the winz motion that were esgsential to
understanding flow initiation and
development, Vortex initiation point,
vortex size, spatial time dependent
positions, shear layer devélopment and
boundary 1layer growth were measured.
These meagurements were completed from
both side and overhead viewsz. The results
were compared for different wing sgwcep
anglea at various span locations.

Recults

Static Comparisons

Comparisons between straight and
svept wings revesl very different spanvige
flow separation characteristics. To

bauxs for dynam;c conpar1sons. the .noke
sheet was introduced into the flow field
to intércept each of “the .wingd .at three
spanwise Jlocations; wingtip, 0.67¢c and
1.33c. For each spanwise observatior,
angles of attack were varied from 3° to
27°. The flow field was photographed froom
sideview (tip to root) and Ffom above.

‘A sideview comparisém at a=15° is
shown in Fig. 1. The left column for the
FSW indicates a strong helical wingtip
vortic¢al structure at § 0.00c, while thé
beéeginning of a separation layer 1is evident:
it § = 0.67¢c, and a fully separated flow
is present at S = 1.33c. The STW, center
column, zlso indicates a wingtip vortéx at
the tip, however, both inboard locations
are fully stalled. The right colunmn, ASW,
shkows stall charzcteristics along the 'span
that are the reverse of those shown by the
FSW. The wingtip. flow for the ASW does
not roll into the clear helical wingtip
pattern shown by other wings. On the ASW,
the tip flow seems to be influenced by a
stalled <condition very near this tip
locatjon. Inboard Spanwisé visualizations
indicate a fully separatéd flow region at

S = 0:67c and a less aggravated stall
pattern at S = 1.33c. These static stall
characteristics aré édonsistent with

previous studies?»2:1l and theorwvlS.

FSwW STw ASW

S-000r

D O6/G

Fig. 1 Sideview static stall comparison

u=15°,

To quantify the rélative apparent
strength of the wingtip vortex for each
wing, & spanwise flow angle B was measured

at the tip of each wing. Fig. 2, graph-
ically depicts the measurement of this
angle. Top view photographs show the
initial chordwise crossing of the amoke
sheet from the pressure to the suction

side of the wing. A line tangent to the
flow is drawn at the point where the smoke
initially crosses the plane of the wing-
tip. The anglc B is measured from this
tangent line to the plane of the wingtip.




Fig. 2 Tip deflection angle, B8 .

Topview photographs of the wingtip
flow are shown in Fig. 3, for the three
wing configurations. ata = 27°, The
helical wingtip flow is visualized by the
bending of the smoke sheet about the tip.

- Different comparative magnitudes of B can

be seen with maximum B values observed ifor
the FSW. The chordwise loéation of the
flow passing around the wingtip varies not
only for each wing at a =27° but also for
the same wing when visualized at different
phases in the oscillation cycle.

a=27°

Fig. 3 Topview static g comparison,
o« = 27°,

The spanwise flow deflection at the

wingtip, B ,is plotted for the three wing
configurations over an o range from 3° to
27° (Fig. 4). Specific patterns of B vari-
ations occur throughout o increments for
each wing, For the FSW, 8 increases with
increased athroughout the o range. The
8 values of the STW, however, initially
incresse with increasing o then remain
constant between ¢ = 9° to 15° (near

-

static stall angle for this airfoil
section) -and finally decrease with
increased a . The 8 values for the ASW
increase with a up to a = 9° then steadily
decrease as o, i§ .intreased. The highest
magnitude of the ASW Bvalue does not
reach the level of values recorded for
either the FSW or STW.

241

° 5 10 15 20 25 30
a

Fig;‘4 Static B comparison.

Dynamic Tests: Wingtip Flow

When the test wings were forced into
sinusoidal pitching motions, the flow
field about the wingtip remained dominated
by the strong wingtip vortex., A compari-~
son of the observed inboard deflection
angles of tip flows for each wing is
provided in Fig. 5, where K = 1,0, 1In all

cases, when the wings pitch up-
ward, B values increase to & maximum level
near maximum angles of attack,

The B values then persist above those for
static o tests until the lowest angles of
attack are attained. Rapid decreases
in B values are observed when the wing
pitches to minimum angles of attack,
Minimum B values occur in all tests at
approximately o = 12° during the upstroke
of the pitching cycles. The hysteresis
loop of dynamic data collected for the FSW
is centered about the static o
measurements. In contrast, both average
STW and ASW hysteresis loops show B values
that are consistently above those measured
in comparable & , non-pitching cases. The
highest average magnitude of B was
recorded for the STW. The pitching ASW
showed a hysteresis loop for B values that
contained the widest excursions between
those occurring during the downstroke and
those of the upstroke of the pitching
cycle. An increase in XK value during all
wingtip observations produced downstroke
and wupstroke B values that formed moYre
closed hysteresis loops.
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Fig. 5 Dynamic to static 8 comparisons,
K =0.0 and K = 1.0.

Dynamic Testg: Leading Edge Vortex On the
Wing Surface

Direct comparisons between the
different wing <configurations in the
initiation of leading edge vortices were
achieved using wvisualizations based on
smoke sheets introduced at span locations
of § = 0.00, 9.17, 0.33, 0.50, 0.67, 1.00
and 1.33c. Ten sideview, multiple expo-
sure photographs were prepared repre-
senting equal time increments throughout

the oscillation cycles for K = 0.6, 1.0
and 1l.4. Where and when a leading edge
vortex was produced depended both on -wing
configuration and sSpanwise proximity to
the wingtip. A comparstive analysis -of
apparent leading edge vortex size and
chord position over the wing top surface
was done for all dynamic test conditicns.

A comparison of the flow fields
produced about each wing configuration at
S = 0.67c and K = 1.0 is depicted in Fig.
6, for one complete oscillation cycle.
Each photographitc series shows the forma-
tion of a vortex near the leading edge as
the wings approach Twmaximum angle of
attack, a = 25° (phase angleé¢ = 0.0).
Despite the similarity in vortex imitia-
tion, each wing configuration differs in
leading edge vortex growth, develop-
ment and traversing characteristics.
These differences can be seen in side-by-
side comparisons in Fig. 6.

The FSW, 1left column, shows the
formation of a small leading edge vortex
as well as a second vortex, near midchord,
during the early portions of the pitching
cycle, The leading edge vortex remains
stationary near the leading edge showing
little growth while the second vortex both
traverses toward the wing trailing edge
and appears to grow in size. Coincident
with the second vortex shedding from the
trailing edge, ¢ = 0.4, the leading edge
vortex can no longer be visually resolved
in an apparent shear layer which covers
the entire top surface. No leading edge
vortical structure is evident wuntil the
wing again approaches the maximum angle of
attack 'in ‘the next oscillation cycle. The
STW, center column, also forms both a
leading edge vortex and second downstream
vortex Structure at maximum a . The
leading edge vortical structure grows and
seems to become turbulent whén the second

vortex is shed, ¢ = 0.4. The ASW, right
column, initially forms a much larger
definite leading edge structure., This

structure continues to increase in size as
it convects over the wing surface.

The relations between apparent lead-
ing edge vortex positions along the top
surface of each wing are summarized in
Fig. 7, for different phases of the oscil-
lation cycle. These planform diagrams
depict the leading edge vortex position
acrogss the wingspan for one half of a
pitching cycle, ¢ = 0.0 to 0.5, using K =
1.0. A shear layer was present on the aft
portion of the FSW. It extended from the
wingtip to a span location of nearly § =
1,00c inboard. This layer appeared to
prevent the formation of a discernible
leading edge vortex near the wingtip. It
also appeared to inhibit the downstream
convection of the leading edge vortex éeven
at span locations more inboard than S =
1,0c. Near midgspan, this shear layer
engulfed the leading edge vortex when the
second vortex (formed near midchord) was
shed from the trailing edge. The STW
produced more conventional vortex growth
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Photographs
¢

pitching cycle, S = 0.67¢c, K = 1.0,
¢




and conveéction characteristics. The

2 . fastest convection of the 1leading edge

TOP VEW vortex occurred at S = 1l.0c. A distinct

o P-aoo 0 (P-o2s A¢-o.50 leading edge vortex was present on the ASW
Yy even at a.locatzqn, s = p.ljc. very near

the wingtip. Quite proximal to the tip,

FSw the wingtip vortex seemed to cause the

leading edge vortex to become turbulent
and to move upward, away from the top
surface of the wing. A shear layer appar-
/c, ently was present near the ASW root

$-1.33C o
position, S = 1.33c, tresSembling that
observed neatf the wingtip in the FSW
tests. For all wing configurations, the
convection velocities of the leading edge
—»  3-0.67C vortex across the upper wing surface were
slower near the wingtip than the more
8-0.33C SHEAR LAYER inboard locations investigated.

WING TIP: . .
C-17.6 CM Leading edge vortex size was

dependent on span location and wing

configuration. Plots of vortex size are

shown in Fig. 8, for K = 1.0; The leading

L L L2 L L edge vortex size was, on an average,

STW. consistantly smaller for the FSW than for

the other two wings. A shear layer

dominated the FSW for S = 0.33c and 0.67c.

Farther inboard, S = 1.0c and 1.33c, the

§-1.33C+ leading edge vortex is well developed but

remains small in size compared to vortices
of .thé STW and ASW.

$~1.00Ct

The largest 1leading edge vortical
structures were observed for the STW at §
= 1.0c. The leading edge vortex
§0.33C+ structures for the STW were small near the
wingtip, § = 0.33¢c and S = 0.67c, and were
J somewhat larger near the root test

position, S = 1.33c.

—_— $-0.67C 1

WING TiP-
C-15.2 CM

The ASW 1leading edge vortex size

/ varies most for different spanwise test

A locations. Near the wingtip, S = 0.33c

ASW and S = 0.67¢c, the leading edge structures

for the ASW developed to a larger relative

size than observed using the other two

wings. As spanwise test location was

increased to more inboard sites, an

SHEAR LAYER apparent shear layer began to form and

dominate the flow field as the second
vortex was shed off the trailing edge.

Altered K values of 0.6, 1.0 and 1.4
caused variations in leading edge wvortex
size and chord location for each wing
tested. The variations produced by
different K values, however, were similar
to those reported earlier7.ll, No

WING TP qualitative changes occurred and the flow
C-17.86 CM fields were characteristic of the sweep
effects noted above. Thus, the higher K
. . values yielded more cohesive leading edge
Fig. 7 Pi:?fg:: oé ie;d;ng ¢ed§eov8ftex gstructures. For the STW, the structures
z __’_‘255: ¢ 0:5: a ;5;.' appeared energetic enough to cauge
gplitting of the initial 1leading edge

vortex structure into separate vortices.
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Fig. 8 Leading edge vortex size,
K= 1.0, $ = 0.33¢c to S = 1.33¢c.

Other Observed Phenomenon

On the surface of the STW using K =
i.4, the leading edge vortex was observed
to split into two separate vortical struc-
tures. One complete pitching cycle is
displayed in Fig. 9, for a span location
of S = 0.67c. At or near the top of the
pitching cycle (A, where a= 25°), multi-
ple vortex structures can be seen forming
along the top wing surface. As -the pitéh-
ing cycle carries the wing downward
(B,C, & D), primary and secondary vortices
are clearly formed and are beginning to
convect toward the trailing edge of the
wing. The grimary vortex then appears to
split inté two components (E & F): (1) a
smaller, upstream leading edge vortex, and
(2) a larger, downstream vortex comprised
of a considerable amount of turbulence.
Sach stfucture then convects and is shed
in tandem from the trailing edge (G
through J).

Fig. 9 Leading edge vortex splitting
over one pitching cycle, STW,
S = 0,67c, K = 1.4,

Additional details of the splitting
of the lecading edge vortex acrogs the
wingspan are depicted in Fig. 10, Near
¢ = 0.0, a distinct vortex ias seen to
form nearly parallel to the leading edge
at all span locations inboard of the
wingtip. At epproximately ¢ = 0.25 on the
downward part of the pitching cycle, the
primary vortex has split into two vortical
structures, esch with separate positions
on the wing surface. Halfway through the
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pitching cycle, ¢ 0.5, the distance
between the two  vortex centers has
increased and at ¢ = 0.75 the more turbu-
lent vortex core has shed from the trail-
ing edge. The primary leading edge vortex
continues to convect toward the trailing
edge. This splitting phenomenon also was
observed for the ASW but the magnitudes of
the primary 1leading edge vortices were
very small. No splitting was observed for
the FSW.

V\vav
o (-0.00  s-1.33C T Q
o ¢-o0.25 1
a P-0.50 } -
O P-ors
$-1.00C &
— PRIMARY ! \
VORTEX | 1
| \
—— SPLIT I \
VORTEX .0 A
| |
A
Vo //
— §-0.33CT
WING TIP
c-152CM
Fig. 10 Planform of leading edge vorteéx

splitting and traversing, SIW,
K = 1.4,

Discussion

When tested wunder identical static
and dynamic conditions, the FSW, STW and
ASW yield different flow separation char-
acteristics., Major differences between
these wings appear to derive from spatial
variations in the static separation and
from the spatial and temporal distribution
of vorticity related to forced dynamic
separation conditions, In static testing,
the FSW first began to indicate flow
separation characteristics near the
wing root as angle of attack was
increased. Similar separation character-
istics developed near midspan locations
only as higher a values were tested. This
stall characteristic was shared by the tip
flow deflection angle, 8 , which in-
creased steadily with increasing a signi-
fying little stall influence at the
wingtip.

The STW shows stall across most of
the wingspan at @ values near 12°, Above
this a , the B values drop off reflecting
the influence of the stalled wing region
inboard.

Separation characteristics were first
noted on the ASW near the wingtip as a« was
increased. This is reflected as steadily
decreasing B values as o« is increased even
more and ag inboard stall becomes more
fully developed.

These differences in static -tests
appear to provide the basis for most of
the differences between the wings when
subjected to dynamic pitching tests. A
spanwise comparison of static and dynamic
results indicates a direct relation
between static stall magnitude and dymasmic
leading edge vortex sizé. The FSW stalls
first near thé wing root and this region
shows the largest leading edge vortical
structures during dynamic testing. The
ASW, however, stalls more 'réadily mnear the
wingtip. Accordingly, this area develops
the largest dynanxc vortex. Except fort
the KSW, cthe avérage dynamic B values are
consisteatly - thigher than the static o
counterpar¥s,, All B hystéresis Zloops for
X = 1.0 are ‘4t minimen values at instan-
taneous ‘& = 12 during the upstroke of the
pitching cycle. 'This -point 3in the pitch=
ing c¢ycle coincides with the shedding of
the inboard leading edge vortices into the
wake. At = 12°, no major leading edge
vortical structures are evident on the top
surface of the .wing.

The wing sweep effects are most
dramatically illustrated in the spatial
distribution of the leading edge vortices.
As -the wing sweep angle progresses £from
forward to aft, the leading edge vortex
dynamics 2re clearly less dominated by the
wingtip flow effects. A strong leading
edge structure 1s observed on the ASW at
span locdtions very near the wingtip, but
in the FSW tests these vortices are
spatially supported only at quite inboard
span locationms. These vortex initiation
site differenceg suggest that as the wing
sweep increases aft, more vorticity may be
generated on the wing top surface to
resist the wxngtxp elfect. The resulting
vortices reflect differences both in the
sitées of vortex formation and in the
epparent development of the vortices.

A comparison of spanwise centers of
leading edge vortex cores can also be made
to those obgsrved for linearly accelerated
flow tests ., The spanwise vortical
structures form nearly parallel to the
leading edge .of .each wing and convect it a
pattern dépendent on wing geometry. These
patterns are reminiscent of those in the
stained boundary layer flows in accel-
erated flow tests. Under these condi-
tions, the structures originate at the
leading edge of the wing tip and extend
across the span of the wing.

0f particular note in the character-
istic formation and convection of the
leading edge vortex are the dynamic consge-
quences related to the second vortex
shedding from the wing trailing edge. In
numerous test cages, when the second
vortex that formed near midchord sheds
from the top surface, the 1leading edge
vortex decreases in apparent size and a
dominant shear layer develops on the top
wing surface. This shear layer sometimes
completely engul fs the leading edge
structure. The 1loss. of focused vorticity
from the wing top surface that apparently
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occrrs with second vortex shedding, causes
the remaining leading edge structure to
dissipate into the strengthened distribut-
ed shear 1layer. In cases where larger,
more developed leading edge vortices
exist, the shear layer is not evident and
the leading edge structure successfully
traverses the whole wing chord. These
latter characteristics are much like those
demongttated in two-dimensional airfoil
tests .

An increase in K seems to deposit
more or more focused vorticity to the top
surface of the wing. At K = 1.4, not only
leading edge vortices but also second and
sometimes multiple vortices are formed on
the top surface at the beginning of the
pitching cycle. When multiple structures
are formed, the leading edge and second
vortex structures often coalesce early in
the downstroke of the pitching cycle.
When only two structures exist on the
surface, a splitting occurs: the leading
edge vortex splits into a smaller leading
edge structure and a larger, more
turbulent downstream vortex. The three
distinct vortices then separately convect
over the wing chord and shed from the
trailing edge.

Conclusions

The comparative spanwise observations
of the three wings indicate that sweep
angles can have a major influence on the
static stall characteristics of the wings
and in turn, the generation and develop-
ment of unsteady separated flo6ws on pitch-
ing wings. The spanwise. statie “stall
characteristics fofJ each _wing: configu-
ration enhance predictability .of dynamic
responses. At spanlocations where static
stall is known to be fully developed, the
leading edge vortex .structure is seen to
be larger and more..resistant to other flow
influences. This is indicated by inboard
flow on the ESWy -most .spanwise locations
on the STW and by regionsg -adjacent to the
wingtip on tHe"“ASW. At span positions
where static stall :occurs only at very
high o, near thé& wingtip for the FSW and
far inboard ‘for the L ASW, the dynamic
leading edge vortex-- -development is
suppressed., Also, these ledding edge
structures arpe likely to be lost to the
distributed vfrticity of a shear layer.

.
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Dynamic Trespon¥és to sweep angles
show characteristics that depend on both
wing configuration and wing span location,
In some cases, the leading edge vortex
growth and cogy ction were remin}ﬁfeht of
airfoil tests or wing tests’’ where
results were collected at sites distal to
the wingtip. Other conditions show
additional wingtip &gleeading edge vortex
interactive effects .

At the wingtip for each wing, the
dynamic 8 hysteresis 1loops show direct
relationships to the presence or absence

of a leading edge vortex on the wing
surface. When a fully déveloped leading
edge vortex is formed on the inboard
surface, the dynamic B is highest and goes
to a minimum when the leading edge struc-
ture has shed or is no longer discermible
on the top surface. The .overall higher
average B hysteresis loops verses the
static B values indicate that dynamic
pitching may enhance lift production more
for the STW and ASW than for a FSW which
already demonstrates favorable high angle
of attack lift characteristics.

The effect of wing sweep at different
span locations can also be quantified by
leading edge vortex size as well as vortex
position on the wing surface. For the
FSW, as span positions closer to the
wingtip are examined, the leading edge
vortex decreases in size and resists
convection. This characteristic is
observed., to a lesser extent, for the STW,
as has been documented previouslylO. The
ASW, however, shows a tendency toward
larger leading odge vortical structures
near the wingtip and smaller leading edge
vortices far away from the wingtaip. These
overall characteristics, as noved earlier,
seem related to static stall areas. The
FSW leading edge vortex development and
convection are influenced farther inboard
along the wing span by the wingtip effect
than STW and ASW counterparts. The
leading edge vortex convection for the FSW
is surpressed and even eliminated by a
shear layer for span locations near § =
1.0c. This surpression is observed for
the STW for a distance of only S = 0.33c
inboard and no effect is seen for the ASW.
The larger leading edge structures formed
near the wingtip on the ASW seem to be
able to resist the wingtip effect and to
convect in a manner more like that
observed on airfoils.

Increasing K causes what appears to
be more energetic vortex development on
the top surface. This leads to the forma-
tion of multiple vortices during early
portions of the downstroke of ‘the pit-hing

cycle. A splitting of the highly ener—

getic leading edge vortex occurs midway
through the downward pitching cycle. A
smaller, primary leading edge vortex
remaing mnear the leading edge while a
larger, seemingly more turbulent vortex
splits from the downstream side of the
flow structure. These distinct structures
then separately traverse the wing and shed
from the trailing edge. This splitting
may indicate a high level of vorticity
present on the top wing surface capable of
supporting three distinct vortices. Or,
the available vorticity may be quite
differently distributed on the wing
surface. In any event, higher K wvalues
fer the STW may imply more vorticity and
possibly greater 1ift enhancement when
utilized, Indeed, some evigence for this
recently has been reported.
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